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Preface 



Physics is a fundamental science, and those 
who study it will gain an understanding of the 
basic laws that govern everything from the very 
small subatomic to the very large cosmic scale. 
The study of physics provides us with an 
unparalleled power of analysis thaL is useful in 
rhe study of the other sciences, engineering and 
mathematics, as well as in daily life* 

This fifth edition of Physics jbr the IB Diploma 
follows rhe previous edition, but contains 
material for the new syllabus that will be 
examined for the first time in May 2009, It 
covers the entire International Baccalaureate 
(IB) syllabus, including all options at both 
standard level {SL> and higher level (HL). It 
includes a chapter on the role of physics in the 
theory of knowledge (TOK), along with many 
discussion questions for TOK. Each chapter 
opens with a list of objectives, which include 
the important formulae that will be covered in 
that chapter. The questions at the end of each 
chapter have been increased, and there are 
answers at the end of the book for all those 
involving calculation (and for some others too). 

Part I of the book covers the core material and the 
additional higher level (AHL) material. The title 
and running heads of each chapter dearly 
indicate whether the chapter is part of the core or 
AHL Part 0 covers the optional subjects. There are 
now four options that arc available to SL s indents 
only (Option A, Sight and wave phenomena: 
Option B, Quantum physics: Option C, Digital 
technology; and Option D, Relativity and particle 
physics). The material for these is the same as the 
corresponding AHL material, and so (hese four 
SI, options are neither repeated nor presented 
separately (except for one chapter. Option Al, The 



eye and sight, which is not part oft he AHL core). 
Three options (Option F, Astrophysics; Option F, 
Communications; and Option G, Electromagnetic 
waves) are available to both SLand l IL students. 
Finally, there are three options (Option H, Special 
and general relativity; Option I. Biomedical 
physics; and Option J, Particle physics) that are 
available to HL students only 

The division of this book into chapters and 
sections usually follows quite closely rhe 
syllabus published by the International 
Baccalaureate Organization (IBQ). 1 111 i s does not 
mean, however, that this particular order 
should be followed in teaching. Wiihin reason, 
the sections arc fairly independent of each other, 
and so alternative teaching sequences may be 
used. It must also be stressed that this book is 
not an official guide to the Hi syllabus, nor is 
this book connected with the IBQ in any way, 

Tire book contains many example questions and 
answers that are meant to make the student 
more comfortable with solving problems. Some 
are more involved than others. There are also 
questions at the end of each chapter, which the 
student should attempt lo answer to test his or 
her understanding* Even though the IB does not 
require calculus for physics, I have used 
calculus, on occasion, in the Lext and in the 
questions lor Lhe benefit of those students 
taking both physics and mathematics al higher 
level. They can apply what they are learning in 
mat hematics in a concrete and well-defined 
context, However, calculus is not essentia] for 
following the book. It is assumed that a student 
starting a physics course at this level knows the 
basics of trigonometry and is comfortable with 
simple algebraic manipulations. 



xii Preface 



In many questions and examples I have not 
resisted the temptation to use 10 m s'- as the 
numerical value of the acceleration due to 
gravity. I have also followed the conventions of 
symbols used by the 1130 in their Physics Data 
Booklet, with one major exception. The Data 
Booklet uses the symbol s for displacement. 
Almost universally, the symbol s is reserved for 
distance, and so s stands for distance in this 
book, nor displacement. Also, I have chosen to 
call initial velocities, speeds, etc. by vy? rather 
than the IBO’s u. 

1 wish to thank my wife. Hi lie Tragakes, for her 
great help and support. 1 am indebted to fellow 
teacher Wim Rei inert for his careful reading of 
the book and his extensive comments that have 
improved the book - I thank him sincerely. I 
would like to thank Geoff Amor, who has edited 
the new material for the fifth edition, 
implemented my changes, and made many 
suggestions for its improvement. 

K. A. Tsokos 
Athens 
May 2007 



A note to the reader 

The main text of each chapter contains a 
number of different features, which are clearly 
identified by the use of headings or by other 
typographical means, as outlined below. 

learning outcomes/objectives 

These are provided as bullet lists at the 
beginning of each chapter, and indicate what 
you will have learned or be able to do when you 
have finished studying the chapter. 



Important results, laws, definitions ant) 
significant formulae 

Particularly important material, such as 
important results, laws, definitions and 
significant formulae, appear in a shaded box. 

Example questions 

These occur in nearly all of the chapters. They 
are indicated by the heading 'Example 
question^)’ and all have a full answer. It is a 
good idea to attempt to solve these problems 
before reading the answers. There are over 500 
such example questions in this book. 

Material for higher level students 

This material is highlighted in a shaded box 
that is labelled HL only-. 

Material that is outside the 18 syllabus 

Some material is included that is outside the IB 
syllabus and will not be examined in the IB 
exams. It is included here tor two reasons. The 
first is that I believe that it clarifies syllabus 
material and in some cases it docs so in 
essential ways. The second is that it gives Lhe 
interested student a more rounded view of the 
subject that is not bounded by the rigid 
syllabus content. Such material is highlighted 
in a shaded box that is labelled ‘Supplementary 
material'. There is also a small amount of other 
similar material with different labels. 

Questions 

Each chapter ends with a set of numbered 
questions. Answers to all those that involve 
calculation are given ai the end of the book. 
Answers are also provided for some other 
questions where it is useful for students to be 
able to check their answers. 




Core and AHL 










CHAPTER 



Core - Physics and physical measurement 



The realm of physics 

Physics is 3d experimental science in which measurements made must be expressed in 
units. In the International System of units used throughout this book, lhe SI system, there 
are seven fundamental units, which are defined in This chapter. All quantities are expressed 
in terms of these units directly or as a combination of them. 




Orders of magn itude and units 

How many molecules are there in the sun? This 
may sound like a very difficult question with 
which to start a physics textbook, but very basic 
physics can give us the answer. Before we try to 
work out the answer, guess what you think the 
answer is by giving a power of 10, The number 
of molecules in the sun is 10 to the power; . , ? 

To answer Lhe question we must first have an 
idea of the mass of lire sun. You may know this, 
or you can easily look it up (to save you doing 
this for this example, we can tell you that it is 
about IQ 3 ' 1 kg). Next, you will need to know 
what the chemical composition of the sun is. It 
is made up of 75% hydrogen and 25% helium, 
but as we are only making a rough estimate, we 
may assume that it is made out of hydrogen 
entirely. The molar mass of hydrogen is 2 g 
mol E and so lhe sun contains HT 72 mol - 5 X 
I0* z mol. 'Hie number of molecules in one mole 
of any substance is given by the Avogadm 
constant, which is about 6 x \Q 25 . so the sun 
has around 5 X 10"' J X 6 X 10 : T - 3 X IQ*" 
molecules. I low close was your guess? 



The point of this exercise is that, first, we need 
units to express the magnitude of physical 
quantities. We must have a consistent set of 
units we all agree upon. Otic such set is the 
International System (Si system), which has 
seven basic or fundamental units. The units 
of all other physical quantities are ccmibianhorrs 
of these seven* These units are presented later 
in this section. The second point is that we 
have been able to answer a fairly complicated 
sounding question without too much detailed 
knowledge a few simplifying assumptions 
and general knowledge have been enough. The 
third point you may already have experienced. 
How close was your guess for the number of 
molecules in the sun? By how much did your 
exponent differ from 56? Many of you will have 
guessed a number around lO KK10 and that is way 
off. The number 10 100,1 is a huge number - you 
cannot find anything real to associate with 
such a number, lhe mass of the universe Is about 
IQ SJ kg and so repealing the calculation above we 
find that the number of hydrogen molecules in 
the entire unwerse (assuming it is all hydrogen) 
is about to " - a big number to be sure but 
nowhere near lO 1 '"™. Part of learning physics is 




1.1 The realm of physics 3 



to appreciate the magnitude of things - whether 
they arc masses. Limes, distances, forces or just 
pure numbers such as the number of hydrogen 
molecules in the universe. Hopefully, you wilt be 
able to do Lhat after finishing l his course. 

The SI system 

The seven basic SI units arc: 

1 The metre (m). This is the unil of distance. It is 
the distance travelled by light in a vacuum in a 
time of 1/299 792 4 5S seconds. 

2 The kilogram (leg}. This is l he unit of mass. It is 
the mass of a certain quantity of a platinum- 
iridium alloy kept at the Bureau International 
des Poids el Mesures in France, 

3 The second (s). This is the unit of lime. A second is 
the duration of 9 192 631 770 full oscillations of 
the electromagnetic radiation emitted in a 
transition between the two hyperfine energy 
levels in the ground state of a caesium-133 atom, 

A The ampere (A). This is the unit of electric 
current. It is defined as that current which, 
when flowing in two parallel conductors 1 m 
apart, produces a force of 2 x E 0 N on a 
length of 1 m of the conductors, 

5 The fcelvfa (K), This is rhe unit of temperature. It 
is ~-. h of the thermodynamic temperature of 
the triple point of water, 

6 The mole (mol). One mole of a substance 
contains as many molecules as there are atoms 
in 12 g of carbon-12. This special number of 
molecules is called Avogadrtfs number and is 
approximately 6.02 x 1Cf\ 

7 The candela fed). This is a unit of luminous inten- 
sity. It is the intensity of a source of frequency 
5.40 X 10 A Hz emitting ^ W per steradian. 

The details of these definitions should not be 
memorized. 

In this book we will use all of the basic units 
except the last one. Some of these definitions 
probably do not make sense right now - but 
eventually they will. 

Physical quantities other than those above have 
units that are combinations of the seven 



fundamental units. They have derived units. For 
example, speed has units of distance over time, 
metres per second (i,e, m/s or, preferably, m s 
Acceleration has units of metres per second 
squared (i.e. m/s*, which we write as m s 3 ). In 
other words, we treat the symbols lor units as 
algebraic quantities. Similarly, the unit of force 
is the newton (N). it equals the combination 
kg ms Energy, a very important quantity in 
physics, has the joule (J) as its unit. The joule is 
the combination N m and so equals (kg m s" J ' m), 
or kg s * The quantity power has units of 
energy per unit of rime and so is measured in 
J s '.This combination is called a watt, Thus, 

1 W — (1 N m s~ 3 j = (1 kg m s 2 m s" 1 ) 

- 1 kg m 2 s \ 

Occasionally, small or large quantities can be 
expressed in terms of units that are related to 
the basic ones by powers of 10. Thus, a 
nanometre (symbol mil) is ID' m. a microgram 
(Mg) is 10 a g — IQ - * kg, a gigaelectron volt 
(GeV) equals 10* eV, etc. The most common 
prefixes are given in Table 1.1. 



Power 


Prefix 


Symbol 


Power 


Prefix 


Symbol 


ur 16 


aui> 


a 


to 1 


tleka- 


da’ 


10’ 13 


femto- 


f 


to- 


tiecto- 


IT 


10 13 


piCO- 


1* 


10’ 


kilo- 


k 


lO -3 


nano- 


n 


10 D 


mega- 


M 


10 6 


micro- 


4 


V? 


gj£3- 


C 


1Q~ 3 


mill]- 


m 


10 13 


tera- 


T 


10 ' 3 


centi- 


c 


10 15 


pei^ 


P* 


It) -1 


ded- 


d 


IQ 10 




F 



“Rarely u&ed. 

Table 1,1 Common prefixes. 

When we write an equation in physics, we have 
to make sure that the units of the quantity on 
the left-hand side of the equation are the same 
as the units on the right-hand side. If the units 
do not match, the equation cannot be right. For 
example, the period / (a quantity with units of 
time) of a pendulum is related to the length 
of the pendulum J (a quantity with units of 
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length) find the acceleration due to gravity <f 
(units of acceleration) through 

T =2j7 /i 

The units on the right-hand side must reduce to 
units of lime. Indeed, the right-hand side units 
are 



m 



V ms- ? 



= v/?" = s 



as required (note that 2jt is a dimensionless 
constant). The fact that the units' on both sides 
of an equation must match actually offers a 
powerful method for guessing equations. 

For example, the velocity of a wave on a string is 
related to the length I and mass m of I be siring, 
and the tension force F the string is subjected to. 
How exactly does the velocity depend on these 
three variables? One guess is to write 

v =cF*t y m : 

where c is a numerical constant (a pure number 
without units) and x,y and z are numbers to be 
determined. There could be some confusion 
here because m s Lands for mass but we also use 
the symbol m for the metro. To avoid this we 
will use the notation |M| to stand for the unit of 
mass, [JLj for the unit of length, |F| for the unit 
of time, etc. Then, looking at the units ol the 
last equation we have that 



~ = (|M|]I.||7T 2 )'[I |W 

ii.nr)- 1 = iw^u-r^ur 2 " 

The two equations match if the exponents of [t], 
and \T\ match - that is, if 

A' + Z = 0 
* -by - l 
—2x = -1 

These equations imply that 



In other words, the original formula becomes 

v — cf I 1 m“ ,/? =c 

Obviously this method cannot give the value of 
the dimensionless constant t. To do that we 
have to learn some physics! 

Tables 1.2- 1.4 give approximate values for some 
interesting sizes, masses and lime intervals. 

Expressing a quantity as a plain power of 10 
gives what is called the 'order of magnitude" of 
that quantity. Thus, the mass of the universe 




Lengthen 


Distance to edge of observable universe 


10* 


Distance to the Andromeda galaxy 


10 21 


Diameter of the Milky Way galaxy 


to 31 


Distance to nearest star 


10* 


Diameter of solar system 


10 T3 


Distance to sun 


w" 


Radius of [lie earth 


10' 


Size of a cell 


10 


Size of a hydrogen aiotn 


10 " l& 


Size of a nucleus 


10- 15 


Size of a proton 


10 


Planck length 

Table 1:2 Some interesting sizes. 


10 B 


Mass/ltg 


The universe 




The Milky Way galaxy 


TO" 6 


The sun 


10* 


The eart h 


IQ 3 * 


Boeing 747 (empty) 


10 £ 


An apple 


025 


A raindrop 


10 " fi 


A bacterium 


10 “ 


Smallest virus 


10 12 


A hydrogen atom 


10 


An electron 


10* 



Table 1.3 Some interesting masses. 
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Tiiiiejs 


Age of the universe 


10” 


Age ol thc earth 


10” 


Time of trawl by tight to nearby star 


10 s 


Din- year 


to 7 


One day 


Itf 


Period of a heartbeat 


l 


Period of red light 


10" 15 


Time of passage nflighi across 3 nucleus 


kt m 


Planck time 


10 13 



Table 1.4 Some interesting lime intervals, 



has an order of magnitude of 10 11 kg and the 
mass of the Milky Way galaxy has an order of 
magnitude of 10'" kg. The ratio of l he two 
masses is then simply IQ 12 . 

Fundamental interactions 

There are four basic or fundamental 
interactions in physics. However, in 1972. the 
electromagnetic and weak interactions were 
unified into one -the electroweak interaction. 
In this sense, then, we may speak of just three 
fundamental interactions (see Figure 1.1). 



Gravitational 



Gravitational 



Llcctromagnclic 
Weak (nuclear force] 




ricLtmweak 



Colour {or strong nuclear force) Colour 

Figure t.l The fundamental interactions of 
physics. Since 1972, the electromagnetic and 
weak interactions have been shown to be pari of 
a generalized interaction called the electroweak 
interaction. 



Example questions 

Lei us dose (his chapter with a few problems 
similar to the one we slatted with. These 
problems are some! i me s known as Fermi 
problems, alter the great physicist Enrico Fermi, 
who was a master in this kind of estimation. 



Q1 • _ . ' • . I 

How many grains of sand are required to fill the 
earth? (This is a classic problem that goes back to 
Aristotle.! 



Answer 

The radius oi the earth is about 6400 km, which we 
may approximate to 1 0 000 km. The volume of the 
earth is thus approximately 8 x (10 x m 3 =s 
t)x 10 2 ’ m '. We are assuming a cubical earth of 
side equal to twice the radius. This is a simplifying 
assumption. The true volume is yjrff 1 1 = 1.1 x 
10 M m l t which agrees with our estimate (we are 
only interested in the power of 10 not the number 
in front). The diameter of a grain of sand varies of 
course but we will take 1 rnrn as a fair estimate. 
Then I he number of grains of sand required to fill 
the earth is 



8 x in" m 
(1 x 10- J ) 3 m 1 



8 x 10® ^ 10 Jt 



Q2 — I III — iTTTTI TirT~ 

Estimate ihe speed with which human hair grows. 

Answer 

1 cut my hair every 2 months and the barber cuts 
a length of about 2 cm. The speed is thus 

2 x tO- J , ICH 

m s 1 ^ 

2 x 30 x 24 x 60 x 60 3 x 2 x 36 x 10^ 

IQ-* 10 h 

as — — 

b x 40 240 

^4x1 0“ H m s 1 



Q3 : * • : ’ ' ' " • . ' : ' : - 

If all the |>eople on earth were to hold hands in a 
straight line, how long would the line he? I low- 
many times would it wrap around Ihe earth? 

Answer 

Assume that each person has his or her hands 
stretched oui to a distance of 1,5 m and that the 
population of earth is 6 x 1 people. Then the 
length would lie 6 x 10' h x 1.5 m = 9 x I0 ,J m r 
The circumference of the earth is litR ^ 6x 
6 x 1 n 1, m ft* 4 x H) : m and so the line would 
wrap ^ 200 tames around the equator. 
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Q 4 ™ — — mmm warn mm bh mm 

How many revolutions do the wheels of a car 
make before It is junked? 

Answer 

We assume that the car runs 250 000 km before 
it is junked and that the wheels have a radius of 
30 cm. Then the number of revolutions is 

2.5 x T0 a 2.5 

^ ^ in* 

2 tt x 0.3 2x1 

Q5 

What depth of car tyre wears off with each turn? 
(This is another classic problem.) 

Answer 

We assume that a depth of 5 mm wears off every 
60 000 km. (These numbers are 'standard' 1 for 
jjeople who own cars.) Then, for a wheel of 
radius 30 cm the number of revolutions is (see 
previous problem) ^ 1 D f ^ 3 x in 7 

and so the wear per revolution is ^ r mm/rev a; 
10 7 mnVrev. 




Have a look through these questions and answer 
any that you can. However, don't worry about 
any you can't answer; leave them for now and 
come back to them when you reach the end of 
the course. 

t How long does light take to travel across a 
proton? 

2 How many hydrogen atoms does it lake to 
make up the mass of the earth? 

3 What is the age of the universe expressed in 
units of the Planck time? 

4 What is the radius of the earth (6380 km) 
expressed in units of the Planck length? 

5 How many heartbeats are there in the lifetime 
of a person (75 years)? 

6 What is the mass of our galaxy in terms of a 
solar mass? 

7 What is the diameter of our galaxy in terms of 
the astronomical unit, i,e. the distance 
between the earth and the sun? 



8 The molar mass of water is 18 g mol -1 . How- 
many molecules of water are there in a glass 
of water (of volume 0.3 t.)? 

9 Assuming that the mass of a person is made 
up entirely of water, how many molecules are 
there in a human body (of mass 60 kg)? 

10 Assuming the entire universe to be made up of 
hydrogen gas, how many molecules of 
hydrogen are there? 

11 Give an order-of- magnitude estimate of the 
density of a proton. 

12 I tow long does light from the sun take to 
arrive on earth? 

13 How many apples do you need to make up 
the mass of an average elephant? 

14 How many bricks are used to build an 
average two-storev family house? 



15 


(a) 


blow 


many 


metres are there in 5,356 nm? 




(b) 


How 


many 


in 1.2 tm? 




(0 


How 


many 


in 3.4 mm? 


16 


(a) 


How 


many 


joules or energy are there in 






4.834 MJ? 






(b) 


1 low 


many 


in 2,23 pj? 




(c) 


How 


many 


in 364 G|? 


17 


(a) 


How 


many 


seconds are there in 4.76 ns? 




(b) 


How 


many 


in 24.0 ms? 




(0 


How 


many 


in 8.5 as? 



18 What is the velocity of an electron that covers 
a distance of 1 5.68 mm in 87.50 ns? 



19 An electron volt (eV) is a unit of energy equal 
to 1*6 x 10 M J, An electron has a kinetic 
energy of 2.5 eV. 

(a) How many joules is that? 
lb) What is the energy in eV of an electron 
that has an energy of 8,6 x 10 16 J? 

20 What is the volume in cubic metres of a cube 
of side 2.8 cm? 

21 What is the side in metres of a cube that has a 
volume of 588 cubic millimetres? 

22 One inch is 2.54 cm and one foot has 

1 2 Inches. The acceleration due to gravity is 
about 9,8 m s - -'. What is it in feet per square 
second? 

23 One fluid ounce is a volume of about 

2.96 x 10“^ m f . What is the side, in inches, of 
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a cube whose volume is 125 fluid ounces? 
(.One inch is 2.54 cmj 

24 A horsepower (hp) is a unit of power equal la 
about 746 W. What is ihe power in hp of a 
224 kW car engine? 

25 Give an order-of- magnitude estimate for the 
mass of: 

fa> an apple; 

(hi this physics book; 

(d a soccer ball 

26 Give an order-of-magni tilde estimate for the 
time taken by light to travel across the 
fliameter of the Milky Way galaxy, 

27 A while dwarf star has a mass about that of 
the sun and a radius about that of ihe earth. 
Give. an order-of-magnilude estimate of the 
density of a white dwarf. 

28 A sports car accelerates from nest to 100 km per 
hour in 4,0 %. What fraction of the acceleration 
flue to gravity is i he car's acceleration? 

29 Give an order-of-magnitude estimate for the 
number of electrons in your body. 

30 Give an order-of-magnitude estimate for the 
gravitational force of attraction between two 
people I m apart. 



31 Give an order-oh magnitude estimate for (he 
ratio of the electric force between two 
electrons I m apart to the gravitational force 
between the electrons. 

32 The frequency f of oscillation fa quantity with 
units of inverse seconds) of a mass m attached 
to a spring of spring constant k (a quantity 
with units of force per length) is related to m 
and k. By writing f — cm' k y and matching 
units on both sides show that 

f — cy'^„ where c is a dimensionless 
constant* 



33 Without using a calculator estimate the value 
of the following expressions and then 
compare with ihe exact value using a 
calculator: 



(a) 



243 

73 -; 



(b) 2.80 x 1,90; 
312 x 480 

Id ’ — — ; 



(d) 



8.99 x 10* x 7 x tO- 6 x 7 x HT* 
"(fix 10^ ' 



(e) 



6.6 x 10- 1 ’ x 6 x I0 2i| 
f6-4 x ID'-) 2 



CHAPTER 
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1.2 



Uncertainties and errors 

This chapter introduces the basic methods of dealing with experimental error and 
uncertainty in measured physical quantities. Physics is an experimental science and 
often the experimenter will perform an experiment to test the prediction of a given 
theory. No measurement will ever be completely accurate, however, and so the result of 
the experiment will be presented with an experimental error. Thus, in comparing the 
results of an experiment with the prediction of the theory being tested, the 
experimenter will have to decide if the disagreement between theory and experiment 
is due to failure of the theory or whether the disagreement falls within the bounds of 
experimental error and so can be tolerated. 




Errors of mea surement , 

There are two main types of error of 
measurement or observation. They can be 
grouped into random and systematic even though 
in many cases it is not possible to sharply 
distinguish between the two. We may say that 
random errors are almost always the fault of 
the observer whereas systematic errors are due 
to both the observer and the instrument being 
used. In practice, all errors are a combination of 
the two. 

A random error is characterized by the fact that 
it is revealed by repeated measurements (the 
measurements fluctuate about some value - they 
are sometimes larger and sometimes smaller) 
whereas a systematic error is not. Random 
errors can be reduced by averaging over 



repeated measurements, whereas errors that 
are systematic cannot. 

We may also consider a third class of errors 
called reading errors. This is a familiar type of 
error that has to do with the fact that it is often 
difficult to read the instrument being used 
with absolute precision. This type of reading 
error is inherent in the instrument being used 
and cannot be improved upon by repeated 
measurements. If a length is measured using a 
ruler whose smallest division is a millimetre 
and the end of the object to be measured falls 
in between two divisions on the ruler, it is easy 
to determine that the length is. say, between 
14.5 cm and 14.6 cm, but there is some 
guesswork involved in stating that the length is 
14.54 cm. It is standard practice to assume that 
the reading error is half the smallest division 
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interval on the instrument. For the ruler, this 
interval is 1 mm, and half of this is 0.5 mm or 
0.05 cm. We may state the position of the right 
end of the object we are measuring as 
(14.54 ±0.05) cm. In practice, though, to 
measure the length means also finding the 
position of the left end of the object, and there 
is a similar uncertainty in that measurement. 
Suppose that the left end is recorded at 
(1 .00 ± 0.05) cm. The length is then the 
difference of the measurements tor the 
positions of the right and left ends of the 
object, and 1 his is 13,54 cm. As we will see later, 
the subtraction of the two measurements 
implies that the uncertainties will add. so that 
we end up with a length measurement that is 
uncertain^ by ± 0, 1 cm. In that case it does not 
make sense to quote the answer for the length 
to more than one decimal place, anti we may 
quote the length as ( 13.5 ±0.1) cm. 

For digital instruments we may take the 
reading error to be the smallest division that 
the instrument can read. So a stopwatch that 
reads time to two decimal places, e g, 25.3S s. 
will have a reading error of ± 0.01 s, and a 
weighing scale that records a mass as 154.5 g 
will have a reading error of — 0.1 g, The typical 
reading errors for some common instruments 
are listed in Table 2,1* 



Instrument 


Reading error 


Ruler 


in 0.5 mm 


Vernier calipers 


2:0.05 min 


Micrometer 


“0.005 mm 


Vein metric (measuring) cylinder 


±:0J niL 


Electronic weighing scale 


±0.1 fi 


Stopwatch 


+0.01 s 



Table 2.1 Reading errors for some common 
instruments. 

Random errors 

If a measurement is repeated many times, it can 
be expected that the measurement will be too 
large as often as it will be too small. So, if an 
average of these measurements is taken, the 



error will tend to cancel. The experimental 
result of the measurement of a given quantity x 
will thus be the average of i he individual 
measurements* he, 

X i ± ± + ' * ± 

X = N 

where N is the total number of measurements. 
We then define the deviation of each individual 
measurement from the average by A,v, = x< - v . 
If the absolute magnitudes of all these 
deviations are smaller than the reading error* 
then we can quote the experimental result as 

a ± reading error 

However, if the deviations from the mean are 
larger in magnitude than the reading error, the 
experimental error in the quantity x will have 
to include random errors as well. To estimate 
the random error we calculate the quantity 

/( Axi) 2 + (AX2) 2 + — + (Ax.v ) 1 

‘ ,= V srn 

which is called the unbiased estimate of the 
standard deviation of the N measurements x,, 

| With graphic calculators this can be done quite 
easily and quickly.) The result of t lie experiment 
is then expressed as 

.v ±e 

To illustrate these points consider the 
measurement of a length using a ruler. The 
reading error according to one observer is 
±0. 1 cm. The experimenter produces a table of 
results and, after computing tile average of the 
measurements, (he deviation and its square are 
also inserted in the table see Table 2.2, 



Length fan 
(±0.1 tttl| 


deviation 

Axfcm 


(Av| 2 /an 2 


14,88 


0,09 


0.0081 


H-84 


0.05 


0.0025 


15.02 


0.23 


00529 


14.57 


-0,22 


0-0434 


14.76 


-0 03 


0.0009 


14.66 


-0.13 


0.0169 



Table 2.2 A table of results. 
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The average is 14.79 cm and the standard 
deviation of these measurements is 0.1611 cm. 
The random error is larger than the reading error 
and so it must be included in the result. The 
result of the measurement is thus expressed as 
14.8 ± 0,2 cm. Tills is much more realistic than 
simply quoting the average and the reading error. 
14.79 ± 0. 3 cm. Note that it does not make sense 
to quote the average to more than one decimal 
point as the error makes even the first decimal 
point uncer tain . Note also that once a large 
number of measurements are accumulated, 
further measurements do not appreciably change 
the estimate of the error, Thus, it is of little use to 
take, say, 50 measurements of the length of the 
object in the example above. 

Note also, finally, that even the calculation of a 
standard deviation is not all that necessary. The 
largest deviation from the mean in Table 2,2 is 
0,23 an, which we may round to 0.2 cm anti 
accept that as a rough estimate of the error. 

Systematic errors 

The most common source of a systematic error 
is an incorrectly calibrated instrument. For 
example, consider a digital force sensor. When 
the sensor is to be used for the first time, it 
must be calibrated. This means that we must 
apply a force whose value we are confident we 
know, say 5.0 N, and then adjust the sensor so 
that U too reads 5,0 N, If we apply the 5,0 N force 
and then adjust the instrument lo read 4.9 N, 
the instrument will be incorrectly calibrated. U 
will also be incorrectly calibrated if the sensor is 
adjusted to read 5.0 N when the 'known' force 
that we apply is not really 5.0 N. If we use Lhis 
sensor to verify Newton's second law. we would 



expect to get a srraight-line graph through the 
origin if we plot the net force on the body versus 
its acceleration. Since all measurements of the 
force will be off by the same amount, the 
straight line will not pass through the origin. 
The systematic error in the force would then be 
the vertical intercept (see Figure 2.1a|. 

A systematic error will also arise if' we use an 
instrument that has a zero error. For example, if an 
ammeter shows a current of 0.1 A even before it is 
connected lo a circuit, it has a zero error. It must 
be adjusted to read zero. If the adjustment is not 
done, every measurement of current made with 
this ammeter will l>e larger than the true value of 
the current by 0.1 A. Thus, if this ammeter is used 
ro investigate the voltage-current characteristic of 
an ohmic resistor, we will not get the expected 
straight line through the origin but a straight line 
that misses the origin. The systematic error in the 
current would then be the horizontal intercept 
(see Figure 2.1 bl. 

Systematic errors arc not always easy to 
estimate bur sometimes the direction of the 
error is. Thus, suppose that an experimenter 
assumes that no friction is present in an 
experiment on an air track, where the velocity 
of an object sliding on it is measured after 
having travelled a certain distance. A small 
amount of friction will slow down the object 
and so the velocity' measurements will be 
consistently lower ihan their true values. It is 
difficult though to estimate by how much. 

A systematic error will also arise if the 
experimenter makes the same error for all the 
measurements she takes. For example, consider 
measuring a length with a ruler. The ruler is 
aligned wilh the object to be 
measured and the experimenter 
must then position her eye 
directly above the ruler. If, 
however, the experimenter 
consistently stands to the side, 
as shown in Figure 2,2, the 
measured value will always be 
larger than the true length. If 
she stands on the other side, the 




Figure 2,1 The types of systematic error that arise from incorrectly 
calibrated instruments and instruments that have a zero error. 
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A A 

k q 




f igure 2.2 An example of a systematic error i hat is 
clue to the observer. 



measured value will always be smaller than 
the true length, 

A similar systematic error would occur in 
measuring the volume of a liquid inside a 
graduated tube if the tube is not exactly 
vertical, The measured values would always be 
larger than the true value. 

Accuracy and precision 

in everyday language, the words 'accuracy' and 
'precision' are usually taken to mean the same 
thing, but this is not the case in physics, 

> Measurements are urcurale if the 
systematic error is small. They ;uSi prvdse if 
the random error is small (see Figure 2.3}. 

mie value 

I accurate but 



















nnl precise 



precise tun 
no! accurate 


not precise, 
not accurate 


precise 

and 



accurate 



Figure 2,2 The meaning of accurate and precise 
measurements, Four different sets of six 
measurements each are shown. 

Measurements of a physical quantity can be 
accurate but not precise, or precise but not 
accurate. Consider, for example, measurements 
of voltage taken with a high-quality digital 
voltmeter Lhat sutlers from a systematic error. 
The voltmeter allows us to record the voltage 
to many significant figures and repeated 
measurements of the same voltage give 
essentially the same reading. These 
measurements are very precise but they are 
not accurate, since the systematic error in 
the readings means that they are not 



representative of the true voltage. Similarly, 
readings can be accurate in that their average 
gives the correct reading, but if individual 
readings differ wildly from each other, they are 
not precise. 



Sig nificant digits 

Let us multiply the numbers 2a and 328, The 
answer is 7872. However, if these numbers are 
the result of a measurement, then at the very 
least we would expect that the last digit of each 
is uncertain. In other words, the first number 
could be anything from 23 to 25 and the other 
from 327 to 329. The product could thus range 
from 7251 to 8225. Thus, it makes no sense to 
retain so many digits in our answer for the 
product of 7872. The first number has been given 
to two significant digits, the second to three. 
Thus, the answer for the product must be given 
to no more than two significant digits - that is, 
as 7900 or 7.9 x |Q\ Keeping only two significant 
digits in the answer for the product ensures that 
the process of multiplication does not introduce, 
incorrectly, additional significant figures. 

The rules for significant figures are as follows. 

The leftmost non zero digit is significant and is 
in fact the most significant digit in the number. 
IT the number has no decimal point, the 
rightmost non-zero digit is significant and is in 
fact the least significant. If the number does 
have a decimal poinL, the least significant digit 
is the rightmost digit (which maybe zero). The 
number of significant digits of a number is ihe 
number of digits from the most to the least 
significant. Thus, 0.345 has 3 as the most 
significant digit and 5 as Lhe least. The number 
thus has three significant digits. In the number 
0.000 OODG the most and least significant digir 
is 6 anti so we have one significant digit. The 
number 5460 has three significant digits (no 
decimal point hence the last zero does not 
count), 54 has two and 300 000 has one. 
Similarly, 3,450 has four significant digits, 

54,0 has three and 0.000 500 has three. 
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> In multiplication or division (or raising a 
number to a power or taking a root) the 
result must have as many significant 
digits as those of the number with the 
least significant digits entering the 
operation. 



Line of best jit 

If we have reason to suspect Lhai the data 
points we have plotted fall on a straight Hue, 
we must draw the best straight line through 
the points. This means using a ruler and 
choosing that line which goes through as many 
data points as possible in such a way that the 
distances between the line and the points on 
one side of it are, on average, the same as the 
distances between the line and points on the 
other side of it. 

Titus, suppose that in an experiment to verify 
Hooke's law. data for the tension and extension 
of a spring arc collected and plotted as shown 
in Figure 2,4. The experimenter has included 
vertical uncertainty bars representing an 
uncertainty of ± U) N in the values of the tension 
(the length of the vertical bar is thus 20 N). 
Uncertainties in the extension could also he 
shown by placing horizontal bars at the 
positions of the data points, but we will not do 
this here. 
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Figure 2,4 Data points plotted together with 
uncertainties in the values for the tension. 



The experimenter then draws the line of best fit 
through the data points and obtains a straight 
line in the graph shown in Figure 23. The line 
of best fit will ideally pass through l he error 
bars of all the data points. Note that we never join 
pnircts by stmfgftMme segments. The slope of this 
line is 200 N m 1 and this represents the spring 
constant. 
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Figure 2.5 The line of best fit through the data 
points. 

In many experiments it will be necessary to 
obtain the slope ( gradient) of the graph. Here 
the slope of I his line is 200 N m 1 and 
represents the spring constant* To find the 
slope one must use Lhc line of best fit and not 
data points (see Figure 2.6). We must take two 
points on the line of best fit, which must be 
chosen to be as far apart as possible and then 
apply the formula 




Figure 2.6 Finding the slope of a straight line uses 
the line of best fit and two widely separated 
points on the line of best fit. 



